INTRODUCTION
Monitoring cellular oxygen consumption provides useful information when studying critical biochemical pathways, including mitochondrial function, apoptosis, metabolic alterations caused by various stimuli or diseases, and toxicological responses to various compounds [1] [2] . To measure the oxygen consumption rates (OCR) of single cells, some methodologies have been developed either using amperometric electrochemical sensing [3] [4] or luminescent optical sensing [5] [6] [7] . In this study, we proposed a digital light modulation system that utilizes a modified commercial DMD projector equipped with a UV LED as a light modulation source to modulate the excitation light in the spatial and temporal domains.
Phase-based phosphorescence lifetime detection was selected as the preferred detection scheme for cellular OCR measurements. The phosphorescence lifetime was calculated by measuring the phase shift between the reference (modulated excitation light) and corresponding phosphorescent signals to directly measure the luminescent decay time without the need for high-speed data acquisition hardware or complicated and expensive facilities. An array of glass microwells was deposited with Pt(II) octaethylporphine (PtOEP) as the oxygen-sensitive luminescent layer. Single cells were cultivated on the PtOEP layer within a sealed microwell by pneumatically actuated glass lids set above the microwells to controllably seal the microwells of interest. The automated, pneumatically actuated glass lids allow for multiple, long-term measurements and are able to controllably seal the respective microwell of interest. By controlling the illumination pattern on the DMD, the modulated excitation light can be spatially projected to only excite the sealed microwell for cellular OCR measurements. To examine the potential of our proposed system for rapid determination of cellular metabolic activity via monitoring the OCR, the OCR variation of the single cells in situ infected by Dengue virus with a different multiplicity of infection (MOI) was also successfully measured in real-time.
PRINCIPLE OF OPERATION
The microwell array device consists of a combination of two components: an array of glass microwells deposited with Pt(II) octaethylporphine (PtOEP) as the oxygen-sensitive luminescent layer and a microfluidic module with pneumatically actuated lids set above the microwells to controllably seal the microwells of interest [8] , as shown in Fig. 1 . A glass chip with 2×2 arrays of etched microwells is seeded with a suitable solution of cells yielding a cell population monolayer adhered to the PtOEP layer within each microwell as a proof of concept as shown in Fig. 2 .. After cell seeding, a microfluidic module with pneumatically actuated lids was set above the microwells to controllably seal the microwells of interest. High pressure air is used to press a rounded glass lid attached to the end of a piston onto a single microwell to seal the microwell of interest (Fig. 1) . The lid blocks any diffusion of oxygen into or out of the microwell containing the cells. When the glass lid is pushed down onto the top of the chip and a seal is made, the cells residing in the microwells are diffusionally isolated from each other and oxygen neither leaves nor enters. The sealed microwell forms a small temporary chamber volume around the cells, which enables the rapid, real-time measurement of changes in the oxygen concentration. An air-pressure system was used to W3P.071 978-1-4673-5983-2/13/$31.00 ©2013 IEEEpneumatically actuate the glass lids to controllably seal the microwells of interest. A regulated compressed-air source was connected to multiple three-way solenoid valves (Lee Inc., United States), where each valve is controlled by a custom LabVIEW program (National Instruments, Inc.) to switch rapidly between atmospheric and input pressure. After switching the three-way solenoid valve to atmospheric pressure, the glass lids were raised within 1 s to open the microwell to replenish the fresh surrounding medium into the microwell
The OCR measurement of the cells cultivated on the PtOEP layer of the sealed microwells was performed by tracking the oxygen concentration of the cell medium over time via phase-based phosphorescence lifetime detection. To this end, we set up a digital light modulation system utilizing a modified commercial DMD projector equipped with a UV LED as a light modulation source to modulate the excitation light in the spatial and temporal domains toward a microwell array device to detect the OCR via phase-based phosphorescence lifetime detection. The phosphorescence lifetime was calculated by measuring the phase shift between the reference (modulated excitation light) and the corresponding phosphorescent signals to directly measure the luminescent decay time without the need for high-speed data acquisition hardware or complicated and expensive facilities. By controlling the illumination pattern on the DMD, the modulated excitation light can be spatially projected to only excite the sealed microwell for cellular OCR measurements.
Figure 1: An array of glass microwells deposited with PtOEP as the oxygen-sensitive luminescent layer and a microfluidic module with pneumatically actuated lids set above the microwells
To enable repeatable and long-term OCR measurements, each OCR measurement of the single cells was performed with a three-stage operation. In the first stage, denoted as O-stage, we raised the lid to unseal the microwell for a few minutes by releasing the air pressure in the microfluidic module to replenish the fresh surrounding medium into the microwell to re-equilibrate and restore cells to normal status. In the second stage, denoted as S-stage, we lowered the lid to seal the microwell by applying the air pressure and waiting for a few minutes for the cells to stabilize before performing the OCR measurement. In the third stage, denoted as M-stage, we performed the OCR measurement for a preset period via phase-based phosphorescence lifetime detection. The long-term cellular OCR measurement was repeated over 
Figure 2: Images of the microwell array device
The OCR measurement of the cells cultivated on the PtOEP layer of the sealed microwells was performed by tracking the oxygen concentration of the cell medium over time via phase-based phosphorescence lifetime detection. To this end, we set up a digital light modulation system utilizing a modified commercial DMD projector equipped with a UV LED as a light modulation source to modulate the excitation light in the spatial and temporal domains toward a microwell array device to detect the OCR via phase-based phosphorescence lifetime detection (Fig. 3) . The long-term cellular OCR measurement was repeated over time by the periodic three-stage operation of replenishing fresh medium into the microwell, entrapment of the chamber volume, and measurement of oxygen concentration. Figure 4 shows the phosphorescent images of the 2×2 microwells that were excited by sequentially addressing the modulated UV light to each microwel. 
RESULTS AND DISCUSSION
After seeding and culturing cells within the glass microwells, the microfluidic module was mounted onto the glass microwells and the cell media was introduced for the OCR measurements. A pneumatically actuated glass lid set above the 2×2 glass microwells was used to controllably seal the microwells for repeatable OCR measurements. The modulated excitation light was spatially projected to only excite one of the 2×2 glass microwells by controlling the illumination pattern on the DMD. Phase-based phosphorescence lifetime detection was performed to measure the aqueous oxygen concentration over time, as shown in Fig. 5(a) . At the start of the oxygen consumption measurement, we raised the lid for 5 min to replenish the fresh surrounding medium into the microwell to re-equilibrate cells to normal status (O-stage). During the O stage, the aqueous oxygen concentration was maintained at an approximately constant value of 221 ± 0.1 M over time. The result is that the decreased oxygen, which was consumed by the BHK-21 cells within the microwells, was rapidly replenished by the surrounding medium, resulting in a roughly constant oxygen concentration. The slight variation in oxygen concentration consumed by cells was not measurable in an open large chamber with the small quantity of cells within the microwell. Figure 5(b) shows the oxygen consumption rate of the single cells over time (OCR(t)) within the microwells for the successive 3 measurements by periodic sealing of the 2×2 glass microwells. 
Figure 5: (a) Time variation of the oxygen concentration [O2] and (b) oxygen consumption rate of single cells (OCR(t), -d[O 2 ]/dt) for the successive 3 measurements.
To verify the correlation of the OCR with the cell number, we performed the OCR measurements on the BHK-21 cells cultured within microwells with different diameters ranging from 400 to 1000 m. The BHK-21 cells have the tendency to form a cell attachment monolayer after 1 h of incubation and flushing away suspending cells. A decrease in the microwell diameter results in a decrease in the number of attached cells within the microwells. To examine the potential of our proposed system in the rapid determination of cellular metabolic activity caused by diseases or toxicological compounds via monitoring the OCR, simple tests were performed using BHK-21 cells in situ infected by Dengue virus with a different multiplicity of infection (M.O.I). Figure 7 shows the time variation of the normalized oxygen consumption rate (OCR (t) /OCR (t=0) , %) of the BHK-21 cells infected by Dengue virus with a different M.O.I within the microwells by periodic sealing of the microwells. The normalized oxygen consumption rate (OCR (t) /OCR (t=0) , %) was measured at a 30-min time interval. For the BHK-21 cells uninfected with Dengue virus (M.O.I = 0), the OCR (t) /OCR (t=0) did not significantly vary for 13 hours, indicating that the cells were at a normal physiological state during long-term and periodic OCR measurements within the sealed microwell. In contrast, for the BHK-21 cells infected with Dengue virus, the OCR (t) /OCR (t=0) dramatically decreased from 100% to 0%, 28%, and 65% for M.O.I = 1, 0.5, and 0.1 after 8 hours post-infection, respectively. Increasing the M.O.I means an increase in the possibility that the BHK-21 cells may be infected by Dengue virus. The infectious cells cause mitochondrial malfunction and decrease the cellular metabolic activity, which is reflected in the oxygen consumption rate. When more cells were infected by Dengue virus, the OCR(t)/OCR(t=0) decreased over time, accordingly. 
CONCLUSIONS
The proposed microwell array device, which comprises an array of glass microwells and a microfluidic module with pneumatically actuated glass lids to controllably seal the microwells of interest, enables real-time monitoring of the single cell OCR via phase-based phosphorescence lifetime detection. The digital light modulation system utilizing a modified commercial DMD projector can control illumination patterns toward the microwell array device to monitor oxygen consumption in each microwell. Repeatable and consistent measurements indicate that the oxygen measurements did not adversely affect the physiological state of the cells measured. We also demonstrated variation in the real-time OCR for single cells that were in situ infected by Dengue virus at different M.O.I. In contrast to the standard MTT assay, our proposed system can rapidly determine the cellular metabolic activity that is caused by diseases or toxicological compounds via monitoring of the OCR. The next step is to incorporate additional capabilities to measure extra-cellular analytes such as the pH, Ca 2+ , Mg 2+ , and CO 2 . The proposed platform provides the potential for a wide range of biological applications in cell-based biosensing, toxicology, and drug discovery.
